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EXPERIMENTAL SECTION
General Materials and Methods. We purchased all reagents from commercial sources and used them as received. ZP1, 1 CM1, 2 ZBR1, 3 and ZBR3 3 were prepared according to literature procedures. The purity of each compound was assessed by analytical HPLC using an Agilent 1200 Series system. Semi-preparative HPLC separations were carried out on an Agilent 1200 HPLC instrument equipped with a multi-wavelength detector and automated fraction collector using a C18 reverse stationary phase column (Zorbax-SB C18, 5 µm, 9.5 × 250 mm) and a mobile phase composed of two solvents (A: 0.1% (v/v) trifluoroacetic acid (TFA) in H 2 O; B: 0.1% (v/v) TFA in CH 3 CN). Specific purification protocols are described for each compound. IUPAC names of all compounds were determined by using CS ChemBioDraw Ultra 12.0. NMR spectra were acquired on a Varian Mercury 300 Spectrometer or a Varian Inova 500 Spectrometer. 1 H NMR spectral chemical shifts are reported in ppm relative to SiMe 4 (δ = 0) and referenced internally with respect to residual solvent signals (δ = 3.31 for CD 3 OD, δ = 2.50 for DMSO-d 6 ). Coupling constants are reported in Hz. Low-resolution mass spectra (LRMS) were acquired on an Agilent 1100 Series LC/MSD Trap spectrometer (LCMS), using electrospray ionization (ESI). High-resolution ESI mass spectra (HRMS) were obtained on a Bruker Daltonics APEXIV 4.7 T FT-ICR-MS instrument by staff at the MIT Department of Chemistry Instrumentation Facility. Aqueous solutions were prepared in Millipore water. Molecular biology grade piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) and 99.999% KCl were purchased from Aldrich. In order to remove adventitious metal ions, buffered solutions were treated with Chelex-100 resin (Bio-Rad) according to the manufacturer's batch protocol. Stock solutions of metal salts for metal ion selectivity tests were prepared by diluting 0. . UV-visible spectra were recorded on a Varian Cary 50 Bio UV-visible spectrophotometer. Fluorescence spectra were measured with a Quanta Master 4 L-format scanning spectrofluorimeter (Photon Technology International). All measurements were conducted at 25.0 °C, maintained by a circulating water bath in quartz cuvettes (Starna) with 1-cm path lengths. Stock solutions of sensors in dimethyl sulfoxide (DMSO) were prepared in the 1.0-10.0 mM concentration range, stored at -20 °C in 50-100 µL aliquots, and thawed immediately before each experiment.
Synthesis of 8-((Bis(pyridin-2-ylmethyl)amino)methyl)-2-oxo-2H-chromen-7-yl acetate (Ac-CM1).
A 5 mL portion of acetic anhydride was added to 1 mL of a 0.7 M solution of CM1 2 in DMSO. The mixture was allowed to react in the dark at room temperature for 2 h, after which it was diluted with water and lyophilized. The crude lyophilized solid was purified by semi-preparative HPLC using the following protocol: isocratic flow, 0-5 min, 10% B; linear gradient, 5-20 min, 10-20% B. Equivalent fractions from successive HPLC runs were pooled and lyophilized. Ac-CM1 was determined to be > 98% pure by analytical HPLC, using the same gradient. Retention time = 17.3 min. The yield was estimated to be 85% by HPLC using the absorbance signal at 220 nm. 1 
Synthesis of 4',5'-Bis((bis(pyridin-
A 25 mg (0.030 mmol) portion of ZP1 1 was dissolved in 3 mL of acetic anhydride and allowed to react in the dark at room temperature for 16 h. The reaction was diluted with water and acetonitrile, lyophilized, and the crude lyophilized solid was purified by semi-preparative HPLC using the following protocol: isocratic flow, 0-5 min, 10% B; linear gradient, 5-35 min, 10-60% B. The yield was estimated to be 65% by HPLC using the absorbance signal at 220 nm. DA-ZP1 was determined to be > 97% pure by analytical HPLC, using the same gradient. Retention time = 26.8 min. (td, J = 6.6, 1.0 Hz, 4H), 7.34 (d, J = 8.0 Hz, 1H), 6.86 (s, 2H), 4.14 (s, 12H), 2.30 (s, 6H -ZBR1) . A 5.5 mg portion of ZBR1 (0.01 mmol) was dissolved in 100 µL of dry DMF. A 900 µL aliquot of acetic anhydride was added and the solution was stirred in the dark at room temperature for 20 h. The crude reaction mixture was diluted with water and acetonitrile, frozen, and lyophilized. The crude lyophilized solid was purified by semi-preparative HPLC using the following protocol: isocratic flow, 0-5 min, 5% B; linear gradient 1, 5-10 min, 5-40% B; linear gradient 2, 10-25 min, 40-50% B. Ac-ZBR1 was determined to be > 95% pure by analytical HPLC. Retention time = 18.8 min. The yield was estimated to be 55% by HPLC using the absorbance signal at 250 nm. 1 3 (0.0027 mmol) was dissolved in 0.5 mL of DMSO to achieve a final concentration of 5 mM. A 1 mL aliquot of acetic anhydride was added and the solution was stirred in the dark at room temperature for 3 h. The crude reaction mixture was diluted with water and acetonitrile, frozen, and lyophilized. The crude lyophilized solid was purified by semipreparative HPLC using the following protocol: isocratic flow, 0-5 min, 10% B, linear gradient 1, 5-10 min, 10-35% B, linear gradient 2, 10-25 min, 35-50% B. Equivalent fractions from successive HPLC runs were pooled and lyophilized. Ac-ZBR3 was determined to be > 90% pure by analytical HPLC, using the same gradient. Retention time = 40.8 min. The yield was estimated to be 66% by HPLC using the absorbance signal at 250 nm. 1 HPLC study of sensor deacetylation. For each sensor, two 48 µL solutions of ca. 100 µM sensor were prepared in 5 mM PIPES, 10 mM KCl, pH 7.0. To one solution, a 2 µL aliquot of EDTA (4 mM) was added, and to the other solution, a 2 µL aliquot of ZnSO 4 (4 mM) was added. Each mixture was allowed to equilibrate for 5 min at 25 °C before addition of 50 µL 0.1% (v/v) TFA in Milli-Q water to quench the reaction. The final samples were analyzed by reverse-phase analytical HPLC (Zorbax C18, 5 µm, 4.6 mm x 250 mm). Peaks from HPLC analyses were collected and identified by LCMS ( Figures S13-16 ).
Photophysical and zinc-binding properties of acetylated sensors.
In vitro assessment of zinc response. For each sensor, a 2 mL solution of ca. 1 µM sensor in PIPES buffer at 25 °C was prepared and the fluorescence emission measured (Figure S-17). A 2 µL aliquot of 100 mM ZnSO 4(aq) (100 equiv) was added and the fluorescence spectrum acquired, ensuring that the maximum fluorescence intensity had been reached. Finally, a 10 µL aliquot of 100 mM ethylenediaminetetraacetic acid (EDTA) (aq) was added. The system was allowed to equilibrate (~30 min) before measuring the final fluorescence spectrum.
Zinc sensitivity of acetylated sensors. For Ac-CM1, 2 mL solutions of PIPES buffer containing 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA) at 25 °C were prepared. An aliquot of 0.1 M ZnSO 4(aq) was added to each solution to achieve total zinc concentrations of 50, 100, 200, 400, and 800 µM, respectively. MaxChelator (http://max-chelator.stanford.edu/) was used to calculate free Zn(II) concentrations (0.34-26 nM). A 1 µL aliquot of Ac-CM1 (2.2 µM final concentration) was added to each zinc-containing solution and the zinc-promoted fluorescence turn-on was measured over 1000 s (λ ex = 355 nm, λ em = 455 nm). For DA-ZP1, a similar procedure was employed using solutions of PIPES buffer containing 1 mM EGTA and total concentrations of ZnSO 4 equal to 50, 100, 200, 400, 500, 700, and 900 µM, respectively. The corresponding free 
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Zn(II) concentrations ranged from 0.34-53 nM. A 1 µL aliquot of 1 mM DA-ZP1 was added to each zinccontaining solution and zinc-promoted fluorescence turn-on was measured over 1000 s (λ ex = 495 nm, λ em = 520 nm). For Ac-ZBR1, 2 mL solutions of PIPES buffer containing 1 mM nitrilotriacetic acid were prepared. The total concentrations of ZnSO 4 added to each solution ranged from 500-950 µM, with calculated free zinc concentrations from 13-209 nM. A 1 µL aliquot of Ac-ZBR1 was added to each solution and fluorescence turn-on measured over 1000 s (λ ex = 535 nm, λ em = 620 nm). Zinc-binding traces are presented in Figure S -18.
Metal ion selectivity assays. The metal selectivity profiles of the sensors (Figure S-19) were determined by comparing the fluorescence emission spectra of 2.2 µM Ac-CM1 or 2.75 µM Ac-ZBR1 in aqueous buffer containing 1 µM EDTA at pH 7.0 before and 1 min after addition of 800 µM CaCl 2(aq) , 800 µM MgCl 2(aq) , 20 µM MnCl 2(aq) , 20 µM CoCl 2(aq) , 20 µM NiCl 2(aq) , 20 µM CuCl 2(aq) , or 20 µM CdCl 2(aq) . The fluorescence was then measured after subsequent addition of 20 µM ZnSO 4(aq) . In each case, the integrated fluorescence emission spectra were normalized with respect to the metal-free control spectrum. For a separate sample with only zinc added, the fluorescence intensity after addition of 100 µM tris(2-pyridylmethyl)amine (TPA), a zinc chelator, was also recorded.
Assessment of pH-dependent fluorescence response. The effect of pH on zinc-promoted fluorescence turn-on was measured for Ac-CM1, DA-ZP1, and Ac-ZBR1/3. A 2 mL solution of buffer (50 mM sodium acetate, 100 mM KCl for pH 4.0 and 5.0, 50 mM PIPES, 100 mM KCl for pH 6.0 and 7.0, and 50 mM Tris, 100 mM KCl for pH 8.0) containing ca. 1 µM sensor and 0.4 µM EDTA (to scavenge any zinc) was prepared for each pH value studied. The initial fluorescence spectrum was measured 2 min after the sensor was added to the solution. Then ca. 100 equiv of ZnSO 4 was added and the fluorescence spectrum acquired after 10 min. Data for each sensor are presented in Figure S -20.
Kinetics of zinc binding and deacetylation.
Determination of rate constants for zinc binding to CM1. To determine the rate of zinc binding to CM1, the concentration of Zn(II) was varied and multiple runs were recorded at each concentration employing single-mixing stopped flow spectroscopy. A solution of 10 µM CM1 was prepared in PIPES buffer at pH 7.0 and solutions of ZnSO 4 with concentrations of 100, 300, 500, 700, and 1000 µM were prepared in the same buffer. Measurements were taken at 10 °C. The concentrations after mixing were 5 µM CM1 and 50, 150, 250, 350, or 500 µM zinc. Using at least a 10-fold excess of zinc in all experiments maintained conditions for pseudo-first-order kinetics. The observed rates plot and corresponding kinetic traces are presented in Figure S -21.
Dependence of deacetylation on zinc concentration for Ac-CM1. To determine whether the rate-limiting step for deacetylation depends on zinc binding, the concentration of zinc was varied and multiple runs were recorded at each concentration employing single-mixing stopped flow spectroscopy. A solution of 10 µM Ac-CM1 (5 µM after mixing) was prepared in PIPES buffer at pH 7.0 and solutions of ZnSO 4 with concentrations of 25, 50, 100, and 150 µM (with final concentrations of half of these amounts) were prepared in the same buffer. The observed rates plot and corresponding kinetic traces are presented in Figure S -22.
pH-dependent deacetylation kinetics of Ac-CM1. To determine whether pH affects the rate of deacetylation, the [H + ] was varied and multiple runs were recorded at each pH employing single-mixing stopped flow spectroscopy. Solutions of 10 µM Ac-CM1 (5 µM after mixing) were prepared in various buffers (PIPES and Tris) from pH 6.5 to 9.0. Solutions of 100 µM ZnSO 4 (50 µM after mixing) were prepared in the same buffers. Data are presented in Figure 2 . A list of kinetic parameters is presented in Table S pH-dependent spontaneous hydrolysis of Ac-CM1. To determine the rate of spontaneous hydrolysis in the absence of metal, UV-visible absorption spectroscopy was employed. Solutions (2 mL) of 5 µM Ac-CM1 and 50 µM EDTA were prepared in PIPES buffer (pH 7.0) and Tris buffer (pH 8.0 and 9.0). Measurements were taken in triplicate for each pH. Data are presented in Figure 2 . A list of kinetic parameters is presented in Table S-1 Metal ion-dependent deacetylation of Ac-CM1. To determine the metal selectivity of deacetylation, hydrolysis was measured in the presence of Co(II), Cd(II), Cu(II), Mn(II), or Ni(II) by employing UV-visible absorption spectroscopy. Solutions (2 mL) containing 5 µM Ac-CM1 and 50 µM metal salt were prepared in PIPES buffer at S-5 pH 7.0. Measurements were taken in triplicate for each pH. Data are presented in Figure 3 .
Mammalian cell culture, labeling, and imaging procedures.
General. HeLa cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, GIBCO) supplemented with 10% heat-deactivated fetal bovine serum (FBS, HyClone) and 1% penicillin/streptomycin, at 37 °C under a humidified atmosphere with 5% CO 2 . For live-cell imaging, cells were seeded in 35-mm poly-d-lysine coated glassbottom culture dishes with 14-mm opening (MatTek Corporation) 24 to 48 h prior to imaging. The final DMSO concentration was kept below 1% (v/v) for all imaging experiments involving addition of stock solutions of the sensors in DMSO.
Fluorescence microscopy. Imaging experiments were performed using a Zeiss Axiovert 200M inverted epifluorescence microscope equipped with an EM-CCD camera (Hamamatsu) and a MS200 XY Piezo stage (Applied Scientific Instruments). The light source was an X-cite 120 metal-halide lamp (EXFO). Fluorescence images were obtained using an oil-immersion objective at 63x magnification. The microscope was operated with Volocity software (Perkin-Elmer). The exposure time, sensitivity, and contrast for acquisition of fluorescence images was kept constant for each series of images at each channel.
Stability of acetylated sensors in live HeLa cells. The stability of the acetyl groups on DA-ZP1 and Ac-ZBR1 in live HeLa cells was investigated with fluorescence microscopy. HeLa cells were incubated with 500 nM DA-ZP1 or 100 nM Ac-ZBR1 for 30 min and then washed with 2 x 1 mL dye-and serum-free DMEM. The plate was bathed in 2 mL dye-and serum-free DMEM and imaged by fluorescence microscopy over a span of 90 min taking six 15-min time points. After 90 min, the medium was changed to medium supplemented with 25 µM of ZnSO 4 and 50-µM sodium pyrithione and the cells were imaged as outlined in the previous section. Images were processed and quantified using ImageJ. Data are presented in Figures S27-28 .
Co-localization analysis of acetylated sensors with organelle-specific dyes. To calculate Pearson's correlation coefficients, r, 4 images were deconvoluted with the Volocity software using a calculated point-spread function (PSF) map based on the emission wavelength, refractive index of the medium (n = 1.518), and the numerical aperture (1.4). Deconvoluted images for sensor and organelle trackers were merged and analyzed using the PSC Colocalization plugin of ImageJ. 5 The entire cell body was used as the analysis area. The minimum threshold was set to the average background intensity for the image. This process was repeated for all cells in each region of interest and for each set of images spanning several plates and multiple cell passages. Colocalization analyses are presented in Figures 6, 7 , and S30. Figure S-8. Analytical HPLC chromatogram of Ac-ZBR1, monitoring absorbance at 250 and 535 nm. Ac-ZBR1 was judged to be ≥ 95% pure based on the integrated absorbance signal at 250 nm.
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Figure S-9. HRMS ESI of Ac-ZBR1. 
HRMS%ESI(+)
:
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Figure S-20. pH sensitivity of acetylated sensors. Integrated fluorescence intensity of (A) 1 µM Ac-CM1, (B) 4 µM DA-ZP1, (C) 2.75 µM Ac-ZBR1, and (D) 1 µM Ac-ZBR3 in aqueous buffer. Data are normalized to the integrated fluorescence intensity in the presence of excess (100 µM) ZnSO 4 at pH 7.0. Buffer = 50 mM sodium acetate, 100 mM KCl, pH 4-5; 50 mM PIPES, 100 mM KCl, pH 6-7; 50 mM Tris, 100 mM KCl, pH 8. 
